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Helium-3 detectors are efficient, reliable neutron detectors, but their high demand has 
reduced their supply to a very miniscule level, making them very expensive. The goal of this 
project is to test and evaluate an alternative produced by industry. Current testing is being done 
with a Lithium Zinc Sulfide (
6
LiF:ZnS(Ag)) detector from Aspect used in their portal monitors. 
There are three basic requirements for neutron detectors used in nuclear safeguards and 
security: 1) high absolute detection efficiency, 2) maintaining neutron detection efficiency when 
simultaneously exposed to a high gamma ray exposure rate, and 3) the ability to maintain 
neutron detection rate in all operational temperature ranges. All of these requirements will be 
tested with the detector mentioned above, including comparisons to a helium-3 slab counter from 
Rapiscan. This thesis describes the results of said detector systems, which were tested at Oak 
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Thermal neutron detectors are used in a variety of different fields ranging from nuclear 
physics for homeland security to oil well logging. The material of choice for the development of 




He is used in some of the Radiation Portal 
Monitors (RPMs) which have been placed all over the world by various government and 
commercial entities at sea ports and border crossings to detect the illicit smuggling of radiological 
and special nuclear materials (SNM) into the United States. 
3
He is also used in nuclear safeguards 
by many international organizations such as the International Atomic Energy Agency (IAEA) for 
the quantification of SNM at various nuclear facilities around the world. Most of the 
3
He supply 
in the United States comes from the Savannah River Site from the decay of tritium used in nuclear 
weapons development. The events of September 11
th
 2001 served to greatly accelerate the 
deployment of RPMs around the world. This massive increase in the demand of 
3
He has 
diminished the stockpile and created an alarming shortage of the material. U.S. Government 
agencies have responded to this shortage by developing, and funding, programs to identify and 
implement replacement technologies for 
3
He. [1] 
This project specifically focused on RPMs, which are designed to detect the presence of 




Pu specifically), each 
of these being key components in nuclear weapons. Around 64,000 containers and over one 
million people are screened daily by DHS, requiring a very low occurrence of false alarms in 
RPMs. Additionally, RPMs also must be able to detect the presence of SNM within a certain 
degree of accuracy [2]. This presents a problem in their development because a nefarious actor 




by the detectors. This is compounded further by the fact there are many non-threatening sources 
of radioactivity such as spurious changes in background radiation, radioactive sources in building 
materials, and radiopharmaceuticals that lead to a large number of false alarms seen every day.  
 RPMs typically use both gamma and neutron detectors in their modules to maximize the 
probability of detecting illicit nuclear material. Because gamma rays are produced by all forms of 
radioactive materials, the main component of all RPMs is the gamma detection portion. For 
gamma detection, RPMs use a material called polyvinyl toluene (PVT) which is a very well 
understood technology. PVT is extremely cheap to manufacture, and is readily available. 
Although gamma detectors are the primary component, RPMs also employ a neutron detection 
portion for sensing plutonium, which emits significant levels of neutron radiation. Since shielding 
SNM from gamma rays requires heavy elements, and shielding from neutron requires light 
elements, having both detectors present on the RPM maximizes the probability of detection [3]. 
  The development of alternative 
3
He technologies has been in progress for many years, 
which has produced a great deal of both theorizing and testing to determine suitable replacement 
materials. Several prototypes have been developed and tested, and this work investigates a 
particular alternative thermal neutron detector that does not use 
3
He.  
A. Criteria to be Evaluated for Alternative 3He 
 The isotope 
3
He is considered the best option for neutron detectors. It has a high cross 
section for thermal neutrons, and its sensitivity to gamma rays is almost negligible. The 
Department of Homeland Security (DHS) has established strict requirements that must be met to 
ensure all replacements maintain similar standards. [4]. Prototyping has already demonstrated for 
our test system that many of these requirements have already been met. [5, 6],  The performance 




efficiency (or, the fraction of gammas misclassified as neutrons), gamma absolute rejection ratio 
for neutrons (GARRn), and temperature response of the detector. Table 1 describes the 
requirements outlined in [4] for RPMs. 
 
Table 1 – Requirements for replacement Helium-3 detectors [4] 
Parameter Specification 
Absolute neutron detection efficiency (at 2m) εabs n ≥ 1.2x10
-5
 (2.5 cps/ng of 
252
Cf) 
Intrinsic gamma-neutron detection efficiency εint γ, n ≤ 10
-6
 at 10 mR/hr 
Gamma absolute rejection ratio for neutrons (GARRn) 0.9 ≤ GARRn ≤ 1.1 at 10 mR/hr 
Operational temperature range -40
o
C ≤ Operational Temperature ≤ 55
o
C 
Cost At most $30,000 per RPM system 
 
Absolute neutron detection efficiency is a measure of the fraction of neutrons emitted per 
ng from a bare 
252
Cf source that are detected by the detector for a source-detector separation of 
2m, this is shown in Equation 1. 
 
    
     
absn
Numberof pulses recorded
Numberof neutronemitted from source
   (1) 
Since the specific neutron emission rate of 
252
Cf per ng is well known (2.314 x 10^6 
neutrons/sec/microgram [15]), the reported absolute efficiency measurements are in units of 
counts per second per ng of 
252
Cf located within the bare source. DHS specifies that an 
acceptable 
3
He replacement should have an absolute neutron detection efficiency of at least 2.5 
cps/ng 
252
Cf when a source is placed two meters away from the center of the front face of the 
detector. The intrinsic gamma-neutron detection efficiency (εint γ, n) is the fraction of gamma rays 
incident upon the detector surface that are mistakenly recorded as neutrons. Free neutrons have a 
characteristic half-life of 10.6 minutes, [16] so the vast majority of free neutrons that are 
generated by cosmic events decay before reaching Earth and are thus not commonly present in 
background radiation at terrestrial elevations. Neutrons are also not commonly emitted by either 




sources of ambient neutrons, every neutron alarm from an RPM must be taken very seriously. 
Conversely, there are many legitimate sources of ambient gamma ray producers such as medical 
procedures and innocuous consumer goods; therefore, neutron detectors that respond to gamma 





less than one count in a million. The 10 mR/hr field is the number of gamma rays incident on the 





  (2) 
where: 
C = activity (mCi) 
E = Gamma Ray Energy (MeV) 
f = fraction of decays yielding gamma 
d = distance from the source (ft) 
 
The GARRn is the absolute neutron detection efficiency in the presence of a strong 
gamma source over the absolute neutron detection efficiency with no gamma source present. The 







  (3) 
This measure of a detector determines how the detector will react in the presence of large 
gamma sources. Because a nefarious actor could hide a neutron source within a container of 
innocuous substances such as radiopharmaceuticals, it is important for the detector to still 
recognize a neutron signature, and should not deviate from a normal count by more than 10% in 




B. Efficiency Considerations 




Li show promise as 
3
He 
replacements. They both have high capture cross sections, good neutron detection efficiency, and 
detectors made from these isotopes are also relatively insensitive to gamma rays. The efficiency 
of neutron detectors is a function of the neutron moderator design and the thermal-neutron capture 






Li. Figure 1 shows the reaction cross-sections for the 
replacement isotopes mentioned previously. Considering thermal energy, 
3
He has the largest cross 
section, but 
10
B is only about 30% lower, while the 
6
Li thermal-neutron cross section is about a 










Table 2 – Thermal absorption cross sections for nuclide reactions 


















Li)α 3835 b 
 
Most of the neutron sources of interest for safeguards come from spontaneous fission, 
induced fission, and (α, n) reactions. The average energy of these neutrons is typically within the 
range of 1-2 MeV, forcing the need to moderate the neutrons, slowing them down enough to be 
absorbed by the detection medium [7]. Hydrogen is the most efficient at reducing the energy of 





Li can exist in solid forms, and as the atom density is much higher for a solid 
then a gas, less moderating material is needed. 
  The two most common ways of detecting thermal neutrons are proportional detectors and 
scintillators. In both of these methods a thermal neutron is captured by the detection isotope used 
which then emits charged particles. The first method of detection takes advantage of the resulting 
ionizations to “count” the number of neutron interactions. To employ this method, a bias is 
applied across the detection medium; this bias causes a charge to be carried through the electrode 
when neutron capture occurs, and through subsequent ionizations. When the charge reaches the 
electrode, a count is registered. In the second method, the charged particles cause ionization that, 
in turn, emits visible light on their relaxation. This light can be collected by a light collection 
device such as a photomultiplier tube (PMT) which amplifies the light so that it can be measured 
as a count. Scintillators are typically made from liquids and solids, and are, therefore, generally 




C. Example Technologies 
 Neutron detection technology development is an active area of research and a number of 
novel technologies and devices are currently being investigated [3]. Of the available neutron 






Li. Boron counters are considered proportional counters (like 
3
He) and are either in 
the form of boron trifluoride (BF3) gas or boron lined proportional straws [2, 10, 11]. Gas 
proportional counters are relatively insensitive to gamma-ray interactions as compared to solids 
and liquids due to the low average density of gases. Lithium counters are scintillators, so they 
require a photomultiplier tube (PMT) for measurement; this technology is formulated either in 
scintillating glass fibers or lithium coated zinc sulfide scintillators [13]. 
1) BF3 Filled Proportional Counters 
 This technology is essentially a drop-in replacement for current 
3
He tubes. They 
have equivalent gamma insensitivity compared with 
3
He tubes, but have much lower 
neutron sensitivity [2, 9]. This lower sensitivity is caused by the lower capture cross-
section and pressure limitations of BF3 due to its hazardous nature. Because it is a 
hazardous gas, it is subject to strict US Department of Transportation regulations. This 
would cause the replacement process to be long, expensive, and tedious, if it were allowed 
at all, which is the major concern for using BF3 as a replacement.  
2) Boron Lined Straw Counters 
Boron lined straws are a direct replacement for current 
3
He tubes. They have 
lower neutron sensitivity than 
3
He tubes because the neutron absorber (
10
B) is on the 
walls of the tube rather than occupying the entire volume. However, they do not contain 
hazardous materials, they have similar gamma insensitivity to 
3




lower cross section for absorption can be countered by utilizing more tubes. The current 
approach is to pack hundreds of tiny tubes into an array that can mimic the response from 
a 
3
He tube where a similar efficiency can be reached in the same volume. 
3) Lithium-6 Loaded Glass Fibers 
This technology is 
6
Li-enriched lithium silicate glass fibers doped with 
3+
Ce. The 
composition of the glass is 57% SiO2, 17% 
6
Li2O (enriched to 95% 
6
Li), 18% Al2O3, 4% 
MgO and 4% Ce2O3 [17].  The material is formed into a uniform glass composite with 
the percentages above and then used as a scintillator. These fibers do not currently meet 
the absolute neutron detection efficiency outlined in [4]. [5] The use of PMTs in the 
scintillators also adds additional environmental stability requirements. 
4) Lithium Coated Zinc Sulfide Scintillator 
This technology has good neutron sensitivity and fair neutron-gamma separation 
and is currently the most likely option for alternative neutron detectors. Silver activated 
zinc sulfide has high scintillation efficiency, and when combined with a 
6
Li coating, it is 
able to detect thermal neutrons with a comparable efficiency to 
3
He. 
D. Previous Testing 
 Pacific Northwest National Lab (PNNL) has previously published results of testing they 
have done of 
3
He alternatives that were in their prototyping phase against DHS criteria mentioned 
earlier [5]. The results of testing that they completed are shown in Table 3 where the failed tests 
are highlighted in red. The first four detectors listed in this table are proportional counters, and the 
last three are scintillators.  
 The proportional counters and the 
6
Li scintillating plastic meet all of the requirements, but 




efficiency due to the low light yield. The Lithium scintillating plastic was the same makeup of the 
one we tested, however just a prototype. This testing done at PNNL provides a baseline for our 
measurements as well as metrics to compare our results. 
Table 3 – Results reported from PNNL studies of prototype replacement technologies [5] 
System Tested εabs,n(cps/ng) εint γ,n GARRn 
































E. Systems Being Tested 
 The scintillator investigated in this work is based on a 
6
LiF compound dispersed in a 
matrix of ZnS(Ag) inorganic crystal scintillator with a thickness of about 0.6 mm. Thermal 




H reaction, and the emergent alpha particles or tritons excite the 
scintillator [7]. Energy dissipation of the radiated particles within the scintillating medium results 
in the emission of photons in the ultraviolet of visible wavelength range by electronic de-
excitation. This light must then be collected by a PMT by way of a light pipe to amplify the 
electronic signal into a detectable pulse. Due to the small thickness of 
6
Li, a degree of gamma 
discrimination is achieved because a large portion of secondary electrons created by gamma ray 
interactions will escape without depositing their full energy. This is important to the pulse height 
discrimination method. The less energy that is deposited by gamma ray interactions, the better the 
pulse height spectrum can be discriminated against gamma, and neutron interactions due to the 
differences in energy [7]. Figure 2 shows the 
6




 The Aspect Lithium-6 module came directly from Aspect’s RPMs, designed to “plug-and-
play” with their RPMs rather than be used as a solitary neutron detector. Some reverse-
engineering was necessary to communicate through its 9-pin connector without vendor-
proprietary hardware. A high voltage power supply was used to power the box and a RS-232 to 
USB setup was needed in order to connect the monitor to a  computer. Software from Aspect was 
used for data acquisition. 
 
 
Figure 2 – Li:ZnS(Ag) detector from Aspect  
 
 In this work, the testing of Aspect’s 
6
Li:ZnS(Ag) detector [13] will be reported on.  This 
detector has been deployed into the field, and is currently being used for various applications. 




8, 13], but there has not been significant work done characterizing any deployed systems that use 
Lithium-6. Most notably there has been no published work done on the response of a detector as a 
source moves linearly past it, as would be seen by an RPM. Some basic results on the Aspect 
module have been tested in the past in [13], but for the most part the testing reported in this thesis 
will be dissimilar. The detectors tested were designed to be used in nuclear security applications, 
including RPMs. This response (or profile) of the detectors is important to know for 
characterizing how the RPM will work in real-world applications by predicting the efficiency of 
the detector as well as finding the periphery of the detectors field of view . Along with this 
detector, a 
3
He neutron module taken from a TSA (Rapiscan) RPM was tested alongside it for 
comparison. The TSA systems configuration is two 2” Helium-3 detectors with a pressure of 2 
atm surrounded by a box of polyethylene moderator, where the layer of polyethylene is 1.5 cm 
thick. It is important to note that this configuration was used to meet a standard, and not to 
optimize the system. Figure 3 shows the TSA 
3
He module tested. Over the course of the testing 
there were some issues that were able to be overcome as well as some that we could not. We 
originally wanted to test a Boron-10 module, but just as the first testing was to start it became 
unresponsive and was unable to take any meaningful measurements. It has since been returned to 
the manufacturer for repair, but was unable to be considered for the following tests. The details 
about the detector have been included in Appendix A. 
There were a few issues that were encountered over the course of setup of the Lithium-6 
module. The software provided to us by Aspect to run their modules as a solitary instrument on a 
computer allowed no way of recording counts anywhere. The software only showed the number 




manual recording all of the counts received from the software into a Microsoft Excel document 
for analysis. 
 








II. EXPERIMENTAL METHODS AND PROCEDURE 
Experimental testing for this project was done at Oak Ridge National Laboratory in Oak 
Ridge, Tennessee. An aluminum cart was repurposed and added onto in order to make a mobile 
testing center where both the TSA 
3
He and the Aspect 
6
Li detectors and electronics could be 
mounted for testing as shown in Figure 4. The detector centerlines are one meter apart from each 
other and are located one meter above the floor in order to reduce scatter.  
 





A. Test 1: Absolute Neutron Detection Efficiency and Radial Response 
With the detectors set up one meter apart, we placed two co-located Cf-252 sources 
(combined strength: 1.42x10
5
 n/s ± 0.14%) one meter away from the Aspect detector, and three 
meters to the left. Starting from the left side (as in Figure 5), we then took 100 s measurements, 
moving the source 50 cm to the right after every measurement. We took nine measurements total 
for each detector in order to create a profile response for each, emulating a car driving through 
the portal.  
The absolute neutron detection efficiency was assessed according to the standard 
described in [4]. Following this standard we placed the same sources together two meters away 
from each detector and took a 100 s count. All measurements were recorded as average 




B. Test 2: Gamma Absolute Rejection Ratio for Neutrons 
Using a similar setup with the cart, compared with the second part of Test 1, we placed a 
Cf-252 source (strength reduced to 1.22e5 n/s) one meter from each detector face (in separate 
experiments for each detector) and a Cs-137 source (~2 mCi) 25 cm from each detector face. 
This Cesium source produced a gamma field on the detector of 10.03 mR/hr at 25 cm which was 
6Li 3He 





more than enough to exceed the standard of testing of 10 mR/hr. We took a 100 s measurement 
at this starting location, and then we proceeded to move the gamma source in 5 cm increments 
closer to each detector face, taking equal duration measurements at each increment. 
 
Figure 6 – Photo of the gamma source on a stand in front of the Lithium-6 module 
 
C. Test 3: Moderation Response 
Using a similar static setup as in previous tests, we placed a Cf-252 (strength: 1.22e5 n/s) 
one meter from each detector (in separate experiments) and took a baseline measurement at each 
of those points. We then added increasing thicknesses of nested polyethylene spheres to the 




thicknesses of polyethylene used were (in cm): 1.0, 2.5, 4.0, 5.5, 7.0, and 8.5. Figures 7 and 8 
show the setup and the spheres used. 
 
Figure 7 – Nested polyethylene spheres for testing 
 
               
Figure 8 – Photos of the spheres setup for testing: Californium source (left), smallest sphere (center), and 




D. Test 4: Environmental Testing 
Using the Thermal Product Solutions Tenney environmental chamber located at ORNL, 
we were able to environmentally test the detection modules across a range of temperatures. In 
order to be conservative and not render the detectors unusable after the testing, we did not test 





C which encompasses much of the temperature range described in that document. We placed 
both modules in the test chamber, one meter apart lying on an aluminum table located 75 cm 
above the floor in order to prevent scatter. A Cf-252 source (strength: 1.04x10
4
 n/s) was mounted 
on a stand (shown in Figure 9) at a height of one meter above the two detectors, located directly 
in the center of them. We then took a 4 minute measurement at each 10 
o
C temperature step, both 
with the source and without the source, in order to get a proper Figure of Merit for each detector. 








We chose to calculate the FOM for the temperature testing only because the standard for 
the profile curve was in net counts, and the GARRn is an absolute measurement. FOM provided 
a good comparison between the modules for temperature testing since we had a good idea how 
the Helium-3 module would perform, but wanted to compare it with the Lithium-6 module. 
Figure 10 shows the setup of the detectors while they were in the environmental testing 
chamber. For each programmed change in temperature, the chamber was ramped at 5
o
C per hour 
and then allowed to soak at the desired measurement temperature for a period of two hours 

















III. RESULTS AND DISCUSSION 
Data was taken using the native software for both the TSA and Aspect modules. This data 
was then transferred to a spreadsheet where it was interpreted and sent to Matlab for plotting. All 
tabular data for the following plots can be found in Appendix B. Error bars were added to the 
plots where applicable, and were calculated using standard error with a 95% confidence interval 
as shown in equations 5-7. First the standard deviation needs to be calculated for the data where 
x is a single measurement for the Lithium-6 or Helium-3 module of five seconds, or one second 














The standard deviation is then converted to the standard error about the mean by dividing by the 





  (6) 
In order to get a 95% confidence interval for the measurements, the standard error about the mean 
needs to be multiplied by 1.96. 
 95% 1 .96 xConfidence S  (7) 
This gets the upper and lower bounds of each measurement point within a confidence interval of 
95%. 
A. Test 1: Absolute Neutron Detection Efficiency and Radial Response 
By first looking at the absolute neutron detection efficiency in Table 4, it is clear that the 




1.2e-5. The intrinsic efficiency was estimated by taking the net counts received by each detector 
and dividing by the number of neutrons incident on the detection medium. The number of 
neutrons incident on the detection medium was calculated using Monte Carlo simulation. Figure 
11 shows that the Lithium-6 module is about 8% less efficient then the Helium-3 module at the 
center point of each detector. This plot shows a very similar response for both modules, and 
shows that the Lithium-6 module is nearly as efficient as the Helium-3 at all points along the 
curve, which provides evidence that Lithium-6 could be a replacement to Helium-3. The 
Asymmetric response of the detectors could be due to room geometry, or changes in background 
during the testing. 
 
Figure 11 - Plot of the net mean neutron count rate as a source is moved laterally across the face of the 





























B. Test 2: Gamma Absolute Rejection Ratio for Neutrons 
The calculated GARRn value shown in Table 5 is very promising for the Lithium-6 
module. This shows that the gamma discrimination of both detectors is within the required limits 
of: 0.9≤x≤1.1. Figures 13 and 14 are shown in order to illustrate these bounds, as well as to 
visually see the error involved with the two measurements.  
 








Figure 13 – Zooming in from Figure 12, the mean count rate response of the Lithium-6 module is shown as 
the gamma source is moved closer to the detector face with error included. The bounds shown in red as 







Figure 14 - Zooming in from Figure 12, the mean count rate response of the Helium-3 module is shown as the 
gamma source is moved closer to the detector face. The bounds shown in red as outlined in [4] are within 
10%  of the mean count rate response (91.2 cps) with no gamma source present 
 
 
Table 5 – Gamma Absolute Rejection Ratio for neutrons for both modules 
 GARRn Error(±) 
Helium-3 1.01 0.03 
Lithium-6 1.00 0.02 
 
C. Test 3: Moderation Response 
Figure 15 shows the change in mean neutron count rate as poly moderator is added to the 
source. As the data shows, for the Helium-3 module the count rate increases as the moderator 
thickness increases up until around 6 cm, while the Lithium-6 module begins a decrease in count 
rate almost immediately. This is due to the way that each company built their detectors. The 




the detector is working at peak efficiency when there is no moderating material present.  This 
design standard can be seen with the Lithium-6 module. The TSA He-3 module made by 
Rapiscan, on the other hand, purposefully under-moderates their neutron modules in order to 
make them more efficient as more moderation is added. In my opinion this was done under the 
assumption that a nefarious actor would have the foresight to try and shield any material that 
they were smuggling, increasing the response of the detector. As can be seen, the Helium-3 
module has a much better response to increasing amounts of moderation. 
 
Figure 15 - Neutron response for each module to the addition of increasing thicknesses of polyethylene 
 
D. Test 4: Environmental Testing 
Figures 16-18 show the results of environmental temperature testing performed on the 




response from a change in temperature is none at all, or a “flat” curve, which is illustrated in 
Figure 18 by the Helium-3 module data. It can be seen to be flat within the uncertainties shown 
in that figure. Interestingly, the Lithium-6 module begins to have a slight decrease in the net 
mean count rate as the temperature increases, decreasing almost 20% over the interval measured. 
Figure 19 shows a Figure of Merit (FOM) plot for the data in the environmental test [19]. This 
plot provides a baseline for comparing the two neutron modules as they were in the 
environmental testing chamber. And it shows that the Lithium-6 module has a higher FOM than 
the Helium-3 module at all points along the interval. This is due to the slightly higher 
background that the Helium-3 module measures when compared to the Lithium-6 module. 
Knowing that the Helium-3 module is under-moderated, the normal efficiency is only about 10% 
higher than the Lithium-6 module, although its background count rate is about 60% higher. This 
shows that for both of the modules in their unaltered configurations that the Lithium-6 detector 
should have a higher FOM. 
 As can be seen by the data, the Helium-3 module has a much better response to 
environmental changes in terms of count rate. The decrease in the Lithium-6 count rate with 
increasing temperature might be attributed to the decrease in the signal-to-noise ratio with 
increasing temperature within the Photomultiplier Tube (PMT) as stated in the PMT Handbook 
[14]. This is due to an increase in dark current as the temperature is increased as shown in Figure 
20. This count rate decrease due to dark current has been investigated in the past [20, 21], and is 
well understood. For this experiment the electronics for the Lithium-6 module were placed into 
the environmental test chamber (As they occupy the same box), but the Helium-3 modules 
electronics were placed outside of the chamber for convenience of access. This could also lead to 




that the mean count rate difference for the two detectors is statistically insignificant over the 
range of -30 
o
C to 20 
o
C, this is a much different response then the mean neutron count rate 
shown in Figure 11 where Lithium-6 had a lower mean neutron count rate then Helium-3. This 
can also be explained by the dark current phenomenon; when the temperature is lower, the less 
thermal noise there is in the PMT which creates an ideal state for the Lithium-6 module as a 
whole. 
 


























IV. MCNP MODELING 
Monte Carlo simulation was completed in association with the experimental results 
received in testing. This allowed us to compare the two results and ensure our Monte Carlo 
results had been calculated correctly. The Monte Carlo simulations performed for this analysis 
were done using the Monte Carlo N-Particle code Version 6 (MCNP6). Using this code the 
detector setups were modeled for Test 1 focusing on the efficiencies and profile curves. 
Appendix C includes all of the input files used to model these measurements. Table 6 shows the 
comparison of the absolute neutron detection efficiency from MCNP and our experimental 
results. Figures 21 and 22 show comparisons of the profiles from Monte Carlo analysis to the 
experiments. Monte Carlo analysis was also used to model different thicknesses for the front 
polyethylene plate on the Helium-3 module. This was done in order to find the peak neutron 
count rate for a Cf-252 source (10000 cps). As can be seen in Figure 23, the peak count rate is 
expected to occur somewhere between a front plate thickness of 5.2 cm and 5.5 cm.  This is 
consistent with the experimental moderation testing we did where the highest neutron response 
occurred with a 5.5cm thick polyethylene shell around the source shown in Figure 15. 
 
Table 6 – Comparison of the absolute neutron detection efficiency as taken from experimental results and 
from Monte Carlo analysis 
 Absolute Neutron 
Detection Efficiency 















 0.02 4.8% 
  
From Table 6 it can be seen that the MCNP results match our experimental results for 
Helium-3 and Lithium-6 with a percent difference of 3.7% and 4.8% respectively. Not knowing 




about other Lithium-6 modules in literature [3, 7]. The models that were created were based 
upon a Lithium-6 thickness of 0.6 mm found in [7] and a Polyethylene moderator thickness of 3 
cm found in [5, 7]. Judging from the results obtained in Table 6, these assumptions proved to be 
fairly accurate. Figures 21 and 22 show the modeled profile curves against our experimental 
results. Again these plots support that the output from our experimental measurements is valid. 
The higher count rates toward the outside for the experimental measurements are probably due to 
neutron scatter in the room which was not taken into account in the models. 
 















Figure 23 – MCNP simulation of the mean neutron count rate for an increasing thickness of polyethylene 





V. CONCLUSIONS AND FUTURE WORK 
A. Conclusions 
This work focused on the testing and benchmarking of 
6
Li:ZnS(Ag) as a replacement for 
helium-3. During the experimentation process we were able to directly compare a Lithium-6 
detector from Aspect Technologies against a currently employed Helium-3 detector from TSA 
Systems. The findings reported in this thesis suggest that Lithium-6 is a viable alternative to 
Helium-3 based upon the metrics specified of: 1) high absolute detection efficiency, 2) 
maintaining neutron detection efficiency when simultaneously exposed to high gamma ray 
exposure rate, and 3) the ability to maintain neutron detection rate in all operational temperature 
ranges. Of these metrics, Lithium-6 met all of the requirements of alternatives specified in the 
DNDO document that we tested [4]. Table 7 shows the calculated values for all of the metrics 
that we were testing along with the requirements. From this table it can clearly be seen that the 
Lithium-6 Aspect detector is very viable for the replacement of Helium-3 in Radiation Portal 
Monitors throughout the world. 
Table 7 – Table outlining the requirements and experimental data for neutron efficiency and GARRn 
 Absolute Neutron Detection 
Efficiency 
Gamma Absolute Rejection 
Ratio for Neutrons 
Requirement εabs,n ≥ 1.2x10
-5
 0.9 ≤ x ≤ 1.1 
Lithium-6 2.4x10
-4
    ±    0.052x10
-4
 1.01    ±    0.03 
Helium-3 2.6x10
-4
    ±    0.058x10
-4
 1.00    ±    0.02 
 
B. Suggested Future Work 
Future testing of different alternatives could be done using the outlined methods in this 
paper to compare them against the Lithium-6 and Helium-3 modules tested in this thesis. I would 




benchmarking. MCNP modeling of different detector setups could also be done to find the most 
efficient detector configurations for the tested modules as well as other alternatives that are 
currently available. Along with testing other detectors, humidity, electromagnetic response, 
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Appendix A: Other Detectors Analyzed 
Boron Coated Straw 
The boron-coated straw (BCS) detector is based on close-packed arrays of thin-walled, 
boron-coated aluminum or copper tubes. The tube is coated on the inside with a thin layer of 
10
B-
enriched boron carbide (
10
B4C). Thermal neutrons captured in 
10
B are converted to secondary 




Li reaction [7, 10, 11, 12]. The 
7
Li and α particles are emitted 
isotropically in opposite directions with kinetic energy of 1.47 MeV and 0.84 MeV, respectively. 
For a 1 μm thick boron carbide layer, one of the two charged particles will escape the wall about 
78% of the time, and it will ionize the gas contained within the straw. A detector consisting of 143 
close-packed straws, as shown in Figure 24, offers a stopping power for neutrons equivalent to 
that of approximately 2.68 atm of 
3
He gas when sampling a thermal neutron field configuration. 
Figure 25 shows the 
10
B model that was tested. The geometry of the B-10 detector is not 
optimized for our purposes due to it not being in an RPM module form, but it is readily available 
for test. 
 










       
Figure 25 – Photo of the electronics and BCS detector all contained within a Pelican case 
 
Unlike the scintillator, our detector from PTI is designed to work as a correlated neutron 
counter, alarming when it detects an increase in the time-correlated number of neutrons. It is 
deployed in a pelican case for portability when taken into the field. Figure 26 shows the original 
testing setup with the PTI module to the far left. 
 




Appendix B: Tabular Data from Plots 
Test 1: Absolute Neutron Detection eEficiency and Radial Response 




Net Mean Counts 
per Second 
Error (±) 
Net Mean Counts 
per Second 
Error (±) 
-3.0 18.94 0.65 16.77 0.61 
-2.5 29.66 0.75 21.53 0.69 
-2.0 38.99 0.86 30.39 0.98 
-1.5 52.45 1.17 44.41 1.15 
-1.0 85.36 1.30 69.10 1.13 
-0.5 111.28 1.39 98.76 1.33 
0.0 132.68 1.51 122.27 1.36 
0.5 119.81 1.44 105.10 1.60 
1.0 92.45 1.33 75.86 1.20 
1.5 59.92 1.19 49.98 0.83 
2.0 37.35 1.03 34.19 0.77 
2.5 30.13 0.75 24.37 0.71 
3.0 24.61 0.71 18.09 0.64 
 
Test 2: Gamma Absolute Rejection Ratio for Neutrons 




Net Mean Counts 
per Second 
Error (±) 
Net Mean Counts 
per Second 
Error (±) 
Baseline 91.16 2.01 83.49 1.18 
25 88.77 1.78 80.85 1.02 
20 88.86 1.96 80.62 1.23 
15 91.96 1.84 80.31 1.01 
10 87.48 1.65 81.95 1.36 
5 88.53 1.85 81.00 1.19 








Test 3: Moderation Response 




Net Mean Counts 
per Second 
Error (±) 
Net Mean Counts 
per Second 
Error (±) 
0.0 86.73 1.87 77.38 1.08 
1.0 98.30 1.88 79.44 1.27 
2.5 106.44 1.62 73.09 1.04 
4.0 121.68 2.17 75.67 0.93 
5.5 122.85 2.19 62.21 0.87 
7.0 114.34 2.04 57.09 1.11 
8.5 106.22 2.08 48.00 0.88 
 
Test 4: Environmental Testing 





Net Mean counts 
per Second 
Error (±) 
Net Mean counts 
per Second 
Error (±) 
-30 14.55 0.52 14.80 0.49 
-20 14.03 0.56 14.93 0.58 
-10 14.79 0.56 14.93 0.51 
0 14.54 0.56 14.54 0.43 
10 13.81 0.55 14.60 0.54 
20 14.40 0.51 13.69 0.47 
30 14.58 0.57 13.48 0.50 
40 13.87 0.57 12.94 0.46 
50 14.39 0.56 12.69 0.38 





Appendix C: MCNP Input Files 
Helium-3 Profile Base Input 
c     ************************************************************************** 
c     cells 
c     ************************************************************************** 
c 
  1   1  -0.97    -1                                       imp:n=1  $ LHS 
  2   1  -0.97    -2                                          imp:n=1  $ RHS 
  3   1  -0.97    -3 #10 #11                           imp:n=1  $ Top 
  4   1  -0.97    -4 #10 #11                       imp:n=1  $ Bottom 
  5   1  -0.97    -5                                            imp:n=1  $ Back 
  6   1  -0.97    -6                                           imp:n=1  $ Front 
 10   2  1.002e-4 -10                                     imp:n=1  $ LHS Tube 
 11   2  1.002e-4 -11                                          imp:n=1  $ RHS Tube 
100   0           -100 #1 #2 #3 #4 #5 #6 #10 #11             imp:n=1  $ World 
101   0           100                                        imp:n=0  $ Universe 
 
c     ************************************************************************** 
c     surfaces 
c     ************************************************************************** 
c 
c     Polyethylene detector encasement 
1   rpp   -14.0 -12.5 1.5 96.5 -13 -1.5                         $ LHS of Box 
2   rpp    12.5  14.0 1.5 96.5 -13 -1.5                          $ RHS of Box 
3   rpp   -14.0  14.0 96.5 98.0 -13 -1.5                        $ Top of Box 
4   rpp   -14.0  14.0 0.0 1.5 -13 0.0                             $ Bottom of Box 
5   rpp   -12.5  12.5 1.5 96.5 -13 -10                           $ Back of Box 
6   rpp   -14.0  14.0 1.5 98.0 -1.5 0                             $ Front of Box 
c 
c     Helium-3 Tubes 
10  rcc   -4.75 1.5 -5.75  0 95 0  2.54                          $ LHS Detector 
11  rcc    4.75 1.5 -5.75  0 95 0  2.54                          $ RHS Detector 
100 rpp   -400 400 -10 110 -20 300                            $ Edge of World 
 
c     ************************************************************************** 
c         Source Cards 




c      ---------------------------------------------------------------- 
c         Source 
c      ---------------------------------------------------------------- 
   SDEF ERG=D1 POS=300 49 100  
c 





c     ************************************************************************** 
c         Material Cards 
c     ************************************************************************** 
c 
c    material-1,  poly 
m1   06000.66c     0.33333 
        01001.66c     0.66667 
mt1   poly.60t 
c 
c    material-2,  helium-3 gas 






c     ************************************************************************** 
c         Tally Cards 
c     ************************************************************************** 
c 
nps 10000000 
mode  n 
F4:n (10 11) 
sd4 1.0 
fm4 -1.0 2 103 
c 
c END FILE 
 
Lithium-6 Profile Base Input 
c     ************************************************************************** 
c     cells 
c     ************************************************************************** 
c 
  1   1  -4.090    -1                                         imp:n=1  $ ZincSulfide 
  2   2  -0.534    -2                                         imp:n=1  $ Lithium 
  3   3  -0.93     -3                                          imp:n=1  $ Polyethylene 
100   0           -100 #1 #2 #3                         imp:n=1  $ World 
101   0           100                                          imp:n=0  $ Universe 
 
c     ************************************************************************** 
c     surfaces 
c     ************************************************************************** 
c 
c     Polyethylene detector encasement 
1   rpp   -11.5 11.5 0.0 92.0 -12.0 -3.06                       $ Zinc-Sulfide  Portion 
2   rpp   -11.5 11.5 0.0 92.0 -3.06 -3.00                       $ Lithium Portion 
3   rpp   -11.5 11.5 0.0 92.0 -3.00 0.00                        $ Polyethylene 
100 rpp   -400 400 -10 110 -20 300                             $ Edge of World 
 
c     ************************************************************************** 
c         Source Cards 




c      ---------------------------------------------------------------- 
c         Source 
c      ---------------------------------------------------------------- 
   SDEF ERG=D1 POS=300 46 100 
c 





c     ************************************************************************** 
c         Material Cards 
c     ************************************************************************** 
c 
c    material-1,  Zinc-Sulfide 
m1   16000         0.5 
        30000         0.5 
c 
c    material-2,  Lithium-6 
m2   03006         1.0 
c 
c    material-3,  poly 
m3   06000.66c     0.33333 
        01001.66c     0.66667 







c     ************************************************************************** 
c         Tally Cards 
c     ************************************************************************** 
c 
nps 10000000 
mode  n 
f4:n 2 
sd4 1.0 
fm4 -1.0 2 105 
c 
c END FILE 
 
Helium-3 Efficiency Input 
c     ************************************************************************** 
c     cells 
c     ************************************************************************** 
c 
  1   1  -0.97    -1                                       imp:n=1  $ LHS 
  2   1  -0.97    -2                                       imp:n=1  $ RHS 
  3   1  -0.97    -3 #10 #11                               imp:n=1  $ Top 
  4   1  -0.97    -4 #10 #11                               imp:n=1  $ Bottom 
  5   1  -0.97    -5                                       imp:n=1  $ Back 
  6   1  -0.97    -6                                        imp:n=1  $ Front 
 10   2  1.002e-4 -10                                      imp:n=1  $ LHS Tube 
 11   2  1.002e-4 -11                                       imp:n=1  $ RHS Tube 
100   0           -100 #1 #2 #3 #4 #5 #6 #10 #11          imp:n=1  $ World 
101   0           100                                      imp:n=0  $ Universe 
 
c     ************************************************************************** 
c     surfaces 
c     ************************************************************************** 
c 
c     Polyethylene detector encasement 
1   rpp   -14.0 -12.5 1.5 96.5 -13 -1.5                         $ LHS of Box 
2   rpp    12.5  14.0 1.5 96.5 -13 -1.5                          $ RHS of Box 
3   rpp   -14.0  14.0 96.5 98.0 -13 -1.5                        $ Top of Box 
4   rpp   -14.0  14.0 0.0 1.5 -13 0.0                             $ Bottom of Box 
5   rpp   -12.5  12.5 1.5 96.5 -13 -10                           $ Back of Box 
6   rpp   -14.0  14.0 1.5 98.0 -1.5 0                             $ Front of Box 
c 
c     Helium-3 Tubes 
10  rcc   -4.75 1.5 -5.75  0 95 0  2.54                          $ LHS Detector 
11  rcc    4.75 1.5 -5.75  0 95 0  2.54                          $ RHS Detector 
100 rpp   -20 20 -10 110 -20 300                                $ Edge of World 
 
c     ************************************************************************** 
c         Source Cards 




c      ---------------------------------------------------------------- 
c         Source 
c      ---------------------------------------------------------------- 
   SDEF ERG=D1 POS=0 49 200  
c 









c     ************************************************************************** 
c         Material Cards 
c     ************************************************************************** 
c 
c    material-1,  poly 
m1   06000.66c     0.33333 
        01001.66c     0.66667 
mt1   poly.60t 
c 
c    material-2,  helium-3 gas 
m2   02003.66c     1.0 
c **************************************************************************** 
c 
c     ************************************************************************** 
c         Tally Cards 
c     ************************************************************************** 
c 
nps 10000000 
mode  n 
F4:n (10 11) 
sd4 1.0 
fm4 -1.0 2 103 
c 
c END FILE 
 
Lithium-6 Efficiency Input 
c     ************************************************************************** 
c     cells 
c     ************************************************************************** 
c 
  1   1  -4.090    -1                                      imp:n=1  $ ZincSulfide 
  2   2  -0.534    -2                                     imp:n=1  $ Lithium 
  3   3  -0.93     -3                                     imp:n=1  $ Polyethylene 
100   0           -100 #1 #2 #3                           imp:n=1  $ World 
101   0           100                                     imp:n=0  $ Universe 
 
c     ************************************************************************** 
c     surfaces 
c     ************************************************************************** 
c 
c     Polyethylene detector encasement 
1   rpp   -11.5 11.5 0.0 92.0 -12.0 -3.06                       $ Zinc-Sulfide  Portion 
2   rpp   -11.5 11.5 0.0 92.0 -3.06 -3.00                       $ Lithium Portion 
3   rpp   -11.5 11.5 0.0 92.0 -3.00 0.00                        $ Polyethylene 
100 rpp   -20 20 -10 110 -20 300                                 $ Edge of World 
 
c     ************************************************************************** 
c         Source Cards 




c      ---------------------------------------------------------------- 
c         Source 
c      ---------------------------------------------------------------- 
   SDEF ERG=D1 POS=0 46 200 
c 








c     ************************************************************************** 
c         Material Cards 
c     ************************************************************************** 
c 
c    material-1,  Zinc-Sulfide 
m1   16000         0.5  
        30000         0.5 
c 
c    material-2,  Lithium-6 
m2   03006         1.0 
c 
c    material-3,  poly 
m3   06000.66c     0.33333 
        01001.66c     0.66667 
mt3   poly.60t 
c **************************************************************************** 
c 
c     ************************************************************************** 
c         Tally Cards 
c     ************************************************************************** 
c 
nps 10000000 
mode  n 
f4:n 2 
sd4 1.0 
fm4 -1.0 2 105 
c 
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